proach even revealed abundant ectopic tissue type formation in the pulp space such as brown and white adipose tissue [6, 11] . In addition, the embedding of tooth specimens in the dorsal area showed delayed cell migration and remnants of scaffold material [12] . In contrast, a recent study using a fibrin gel scaffold showed proper pulp structure formation after implanting the immature teeth in the rats on top of the calvaria [13] . The study showed not only the advantages of the fibrin scaffold to home the cells but it also suggested a new animal model to study cell homing for pulp regeneration. The calvarial space may provide a similar microenvironment to that of the tooth socket with various potential cell sources, such as cells from bone and periosteum. It might thus be a better location for implanting teeth than the dorsal area in cell homing studies.
Therefore, we aimed to investigate the effects of the implantation site in an animal model for pulp regeneration. Pulp-like tissue formation in teeth placed on top of the calvarial bone of the rat was compared to that obtained in a control procedure at the dorsal area.
Material and Methods

Experimental Teeth
Human immature third molars (n = 20) with open root apices supplied by the Center of Dental Medicine, University of Zurich, were used for the current experiments. Ten teeth were taken for histology, and the others were used for gene analysis. Written informed consent was obtained from all donors according to the recommendation of the Swiss Academy of Medical Science [14] . All these teeth were extracted for reasons not related to this study and stored in 0.1% Thymol at 4 ° C. Personnel handling the teeth applied all necessary precautions for infection control. Ethical guidelines were followed [15] , and anonymization was performed in accordance with state and federal law [16] .
Preparation of Teeth and Root Canals
Soft tissue remnants at outer root surface were removed using a curette. The teeth were disinfected in 5% sodium hypochlorite (NaOCl) for 5 min in an ultrasonic bath (TEC-25, Benzer Dental AG, Zurich, Switzerland) at 60 W and 33 Hz. Roots were standardized to a length of 3 ± 1 mm by selecting the immature teeth with 2-mm root length and cutting the crown 1 mm above the cementoenamel junction using a diamond-coated disc under water cooling. The pulp tissue was removed using a barbed broach (Dentsply Maillefer, Ballaigues, Switzerland). No further mechanical treatments were performed. Root canals were ultrasonically cleaned with 5 ml of a laboratory-grade 5% NaOCl solution for 5 min in an ultrasonic bath. Subsequently, 5 ml of a 17% ethylenediaminetetraacetic acid (EDTA) solution (Kantonsapotheke, Zurich, Switzerland) was applied for 5 min. All root canals were finally immersed in 5 ml of a normal (0.9%) saline solution for 5 min. Teeth were kept sterile in 70% ethanol in a safety cabinet at room temperature until implantation.
Fibrin Gel Preparation and Placement
One day before the implantation, teeth were placed under the sterile bench to allow the evaporation of the 70% ethanol overnight. Subsequently, a 0.3% fibrin gel was prepared and injected into the root canals before implantation of the tooth specimens in the rats, as described previously [13] . Frozen human fibrin and thrombin dilution prepared from a Tisseel ® kit (Baxter, Zurich, Switzerland) were suspended in Tris-buffered saline solution at a pH of 7.4 to form a fibrin gel. The final gel was formed by mixing 8 mg/ml fibrinogen, 2.5 mmol/l Ca 2+ , and 2 U/ml National Institutes of Health thrombin. Specimens were grouped to 4 teeth per rat with similar size of the pulp space. Two teeth were placed on top of calvarial bone, while the others were implanted at the dorsum. The gel was injected from a sterile syringe into the pulp space using a 26-G cannula (B. Braun Medical, Crissier, Switzerland). Subsequently, the specimens were stored in a humid sterile chamber at 37 ° C until implantation, which was performed within 2 h.
Implantation
Five Sprague Dawley rats (200-250 g) were used for these experiments. The following procedures were approved by the institutional ethics committee for animal research. The rats were anesthetized with ketamine and maintained with isoflurane/oxygen during the operation. A longitudinal incision was performed using a scalpel. The blunt end of surgical scissors was then used to dissect the underlying tissue and create space for the tooth specimens. Two tooth specimens were placed subcutaneously in the rats on top of the calvaria. The other two teeth with similar size were surgically placed in the subcutaneous space at the dorsum ( fig. 1 ). Primary wound closure was performed using a surgical staple (3M Health Care, Rueschlikon, Switzerland).
Assessment of Tissue Ingrowth
Rats were euthanized 6 weeks after implantation in a CO 2 chamber. The tooth specimens were explanted and immediately fixed in 4% paraformaldehyde. Specimens were dehydrated and embedded in Technovit ® 9100 New (Heraeus Kulzer, Wehrheim, Germany) at -2 ° C according to the manufacturer's instruction. The resin blocks were longitudinally cut at the middle of root canal in mesiodistal plane prior to sectioning 0.5-μm-thick slides with a microtome (Leica Microsystem, Heerbrugg, Switzerland). Five subsequent sections were prepared from the center of each specimen, of which three sections were used for histological analysis and assessment of tissue ingrowth. The other two sections were kept for immunohistochemical staining. The slides were stained with Goldner's Trichrome, and the images of them were taken using a slide scanner (Zeiss, Feldbach, Switzerland). Quantitative analysis was performed using freely available software (Image J; National Institutes of Health, Bethesda, MD, USA). The areas of ingrown tissue were normalized to the total pulp space area and averaged the 3 sections per specimen, and mean values per specimens were used for the statistical comparison between groups (see below).
Immunohistochemistry
Immunohistochemical localizations of bone sialoprotein (BSP) and dentin sialoprotein (DSP) were observed in additional serial sections from the center of the specimens. Histologic slides were prepared as mentioned in the previous study [13] and incubated with primary antibodies (Merck Millipore, Darmstadt, Germany) against BSP (1: 200) at 4 ° C overnight and DSP (1: 100) at room temperature for 5 h. 3,3΄-diaminobenzidine tetrahydrochloride was used to detect the immunoreactivity of both markers. Slides were counterstained with hematoxylin and observed under light microscopy.
RNA Isolation from Fresh Tissue
Total RNA was isolated from cells in the tooth specimens stabilized in RNAlater ® solution (Qiagen, Hilden, Germany). The ingrown tissue was removed from the root canal using a pin-pointed forceps, and the dentinal wall was scraped to take out the odontoblast-like cell layer using a sharp curette. Cells from both areas were processed separately according to the protocol supplied with the TRIzol ® reagent (Life Technology, Luzern, Switzerland). To purify RNA, the silica-membrane from RNeasy ® mini kit (Qiagen) was used in accordance to manufacturer's instruction. Quantity and purity of the RNA was determined using NanoDrop ® ND-1000 spectrophotometer (Witec AG, Littau, Switzerland) and ethidium bromide-visualizing agarose gel, respectively.
Real-Time RT-PCR
Two-step real time RT-PCR was used for DNA quantification. 200 ng of total isolated RNA was reverse-transcribed into cDNA using a cDNA synthesis kit (Roche, Basel, Switzerland). The master mix was prepared following the manufacturer's instruction. Real-time PCR was performed using the LightCycler ® 480 DNA SYBR Green I master (Roche). For the normalized expression, the rat-specific forward (F) and reverse (R) primers including DSPP, VEGF, NGF, and COL I were used in this experiment, and GAPDH was the house- keeping gene to normalize for internal gene expression. The 25 μl of master mix briefly consisted of 2 μl of cDNA and 0.3 μmol/l of primer. Relative gene expression was analyzed using the 2 -Ct method as previously reported [17] .
Statistics
Non-parametric method was used to compare the area of tissue ingrowth between two groups (Mann-Whitney U test), whereas parametric methods were used in comparison of gene expression regarding the normally distributed data (Shapiro-Wilk test). The difference in gene expression was thus tested with oneway analysis of variance (ANOVA) followed by Tukey's HSD for multiple comparisons. The significance level was set at 5% (p < 0.05).
Results
Histologic Analysis
Histologic analysis after transplanting the tooth sections for 6 weeks revealed that all specimens were filled with dense fibrous connective tissue and contained a newly formed tissue ( fig. 1C ). In the tooth placed on top of calvarias, more than half of root canal was occupied with a highly vascularized and innervated connective soft tissue ( fig. 1D, E) . The regenerated tissue also showed the typical cell layers of a dental pulp ( fig. 1F ). At the dentinal wall, odontoblast-like cells were found in intimate contact with dentin and were positive to BSP, a marker for odontoblast function ( fig. 1G,  H) . Regenerated dentin was also observed underneath odontoblast-like cells (* in fig. 1G ) and showed DSP immunoreactivity along the dentinal wall at the interface between new dentin and old dentin ( fig. 1I ). In contrast, the transplanting of tooth specimens to the dorsum showed various types of ingrown tissue ( fig. 1J ) and remnants of the fibrin gel originally contained in the root canal space (fig. 1K) . The local cells were attracted into the root canal and then formed a mixture of tissue types, including fatty tissue with vacuoles ( fig. 1J ) and dense collagenous tissue ( fig. 1L) . Fig. 1 . Endodontically treated tooth specimens placed in subcutaneous space on top of calvaria and at dorsum of the rats. Surgical placement was performed in the same rat at calvaria (A) and at dorsum (B). 6 weeks embedding showed a fibrous layer that encapsulated the tooth specimens (arrow, C). Newly formed tissue of tooth specimens placed at the calvaria is illustrated in D-I. Overview of the regenerated tissue located in the root canal (D). Inner regenerated tissue showed revascularization and innervation (E). The tissue structure was arranged into 4 layers as normal pulp tissue (F) including central pulp (cp), cellrich zone (cr) and cellfree zone (cf) and apparent odontoblast cell layer (odl). Newly formed tubular dentine ( ) was observed at the dentinal wall underneath odontoblastlike cells (G). Immunohistochemical analysis revealed BSP (H) and DSP (I) in the area indicated with bold arrow. The regenerated tissue in tooth specimens placed at dorsum is presented in J-L. Low magnification image shows the irregular type of newly formed tissue (J). Adipose tissue (enlarged image in J), fibrin gel remnants (L) and dense collagenous tissue (L) were observed in the root canal. The histological slides were prepared from resin embedding block and stained with Goldner's Trichrome.
Tissue Ingrowth Analysis
Comparison of the ingrowth related to the total pulp area showed a significant difference between two embedding sites (p < 0.05, fig. 2 ). The percent of tissue ingrowth in the tooth specimens from calvarias displayed a median of 90% (IQR = 80-94%), while the tooth specimens from dorsum showed a median of 57% (IQR = 49-74%). Accordingly, the histological measurement showed better cell migration and tissue formation at the calvarial area compared to that of the dorsum.
Gene Expression Analysis
Gene expression of the different implantation sites was evaluated by the normalized gene expression in cells from two areas; cells contacted to the dentinal wall and from the bulk tissue. After analyzing 6 specimens from each area, DSPP gene expression levels were significantly (p < 0.05) higher in the specimens placed on top of the calvaria compared to counterparts from the dorsum. The DSPP gene was also up-regulated in cells from the dentinal wall compared to cells from the inner regenerated tissue of the calvarial specimens ( fig. 3 ). On the other hand, the expression of COL I, NGF, and VEGF did not differ between the two implantation sites.
Discussion
In this study, we tested a novel site for implanting tooth specimens for cell homing studies in rodents. Apparently, rat calvarias offer a more suitable cell population and optimized conditions for the formation of pulp-like tissue than dorsal tissues in these animals.
Our study is limited by the fact that it remains to be shown to which extent the implanting area and the tooth preparation methods mentioned in this context are translational to clinical application. The length of specimens used in this study was shorter than the distance for cell migration under clinical conditions. It has also been argued that for pulpal regeneration, the apical papilla of immature teeth plays a key role [18] . Consequently, immunosuppressed rodents were used to be able to implant human teeth with the cells from the apical papilla [19] . However, from a clinical standpoint, it remains unclear to which extent the apical papilla is still present in teeth with long-standing apical lesions. Furthermore, from a general health perspective, the time and money spent on pulp regeneration studies can only be justified if regenerative concepts can eventually be extrapolated to mature teeth. In mature teeth, there is no apical papilla, and pluripotent cells have to be recruited from the blood stream or the periapical area [20] . In this context, the current animal model may be more relevant than previously described simulations.
The current animal model, implanting endodontically prepared tooth specimens on top of calvarias, resulted in apparent aspects of true regeneration of pulp-like tissue rather than reparation. Recent reports have raised concern that a cell-free approach might yield a sequence of wound healing instead of regeneration [7, 21] . However, our results showed connective tissue revitalized with blood vessels and peripheral nerve-containing tissue, which was histologically rather similar to normal dental pulp tissue. This ingrown tissue contained odontoblast-like cells integrating into dentinal tubules. The area underneath these cells appeared to be re-mineralized, and also showed positive immunoreactivity to rat anti-DSP Fig. 2 . Specimens placed on top of calvaria showed greater area of tissue ingrowth. 3-mm tooth sections were implanted in the subcutaneous area at the dorsum and on top of calvaria for 6 weeks. Histomorphometric analysis with image J was used to quantify the area of the tissue ingrowth and the total pulp space. Statistical analysis showed that area of tissue ingrowth in specimens implanted on the calvaria was significantly higher than in counterparts implanted at the dorsum (*p < 0.05 ). Dot ( · ) indicates averaged value from each specimen. Line (-) indicates median value and interquartile range of the group. Fig. 3 . DSPP gene expression was highly up-regulated at the dentinal wall of specimens implanted at the calvaria for 6 weeks. Four genes, DSPP, COL1, NGF and VEGF were analyzed regarding their expression level in specimens placed at the calvaria and the dorsum. Cells at dentinal wall of the teeth at the calvaria up-regulated the DSPP gene significantly compared to cells at the dentinal wall of dorsal specimens, or cells from the inner regenerated tissue of calvarial specimens (*p < 0.05).
and BSP. The cytoplasmic processes could not be observed in all the odontoblast-like cells. These distortions can be accounted for by the sectioning technique and the spatial limitation of light microscopy. The percent of tissue ingrowth has been noted higher in this study, although it was conducted in a shorter duration than our previous experiment [13] . This was most likely due to the size of specimens. Additionally, gene analysis showed up-regulation of DSPP at the root canal wall, which is the expected location [22] , while the other genes were not different. This result of gene analysis is also in accordance with the histological image where the mineral matrix was found to be matured. In contrast, specimens implanted at the dorsum of animals showed a different pattern of gene expression. Instead of pulp connective tissue, dense fibrous tissue or ectopic mineralized tissue was found in the root canal space. Although the dorsal space is the ideal spot in the rodent to implant a maximum amount of tooth specimens, placing the tooth in proximity to calvaria appears to yield an experimental environment that is superior to study cell homing in regenerative endodontics.
In addition, this current animal model was performed in rats while the other studies used a mouse model [10] [11] [12] 19] . Mice are the primary animal used for many scientific tests because they are inexpensive and easy to manipulate in the laboratory. For a primary screening of biomaterials and stem cell response, the previous studies in the field of regenerative endodontics have chosen mice [10] [11] [12] 19] . However, rats were used here to investigate whether the tissue remained growing into the human pulp space. Although rats and mice are close species, rats have biology and physiology more similar to the corresponding human condition. They also feature a larger body, which was necessary for the current comparative study [23] .
An interesting finding was that in the immature permanent tooth a vital pulp-like tissue grew without implantation of stem cells. The different tissue types formed in the root canal reveal distinct cell sources between the calvarial and the dorsal area. Although tooth specimens were similarly placed in the subcutaneous space in both areas, the supracalvarial space apparently contains cells that can form dental pulp-like tissue, which was already shown in our previous study [13] . Cells residing in the periosteum appear to be the source for this approach. These cells have been studied extensively, and their regenerative potential is used in multiple applications [24] . Periosteum-derived progenitor cells feature multi-differentiation potency and the ability to proliferate rapidly. They are the reservoir for bone regeneration and exhibit a profile similar to fibroblasts [25] , and they share the characteristics of pluripotent cells with other oral stem cell niches including dental pulp stem cells, the stem cells of apical papilla, and periodontal ligament-derived stem cells [26] . Especially, the periodontal ligament surrounding the tooth has been claimed to express an extracellular matrix protein, periostin, similar to the periosteum [27] . It would appear that the spatial conditions of teeth in jawbone are similar to those at the calvaria. Nevertheless, further investigation of the involved cell population should be performed to better understand the current animal model.
It should be noted that the formation of pulp-like tissue in the root canal space is not only influenced by the location of implantation but also by chemical conditioning of the canal wall. EDTA irrigation can help to promote a functional pulp by the liberation of TGF-β and other important growth factors from the mineralized aspect of the root dentin [12, 13, [28] [29] [30] [31] [32] . Irregular tissue formation has been reported in pulp regeneration when mere NaOCl was used to clean in the root canal [7, 21] . NaOCl is necessary for disinfection and the dissolution of necrotic pulp tissue remnants [33, 34] ; however, it has adverse effects on physical tooth properties and deproteinizes the dentin surface [28, 35, 36] . On the other hand, EDTA can preserve the vitality of stem cells, and promotes differentiation of dental pulp stem cells cultured on dentin discs [12, 28] . Obviously, the irrigation of EDTA as used in this study converts the immature tooth to be a bioactive scaffold.
We filled the canal space with fibrin gel, which acts as a scaffold for immigrating cells [37] . The selection of the scaffold in the cleaned and disinfected pulp space is also considered to be essential for the success of tissue engineering in the current context [8, 11, 38] . Fibrin gel appears to closely mimic a blood clot, without the inherent propensity of the latter to discolor the tooth. It is a material that can be modified easily to suit the application and has been approved by Food and Drug Administration [39] . Compared to other hydrogels it shows better results in cell proliferation and differentiation [40] . The modified concentration of fibrinogen in the gel also enhances cell reactions [37] . As in the current study, we used the minimal fibrinogen concentration in an attempt to prevent cells from forming ectopic tissues in the root canal. Apparently, the fibrin in its current composition fulfills many criteria of an ideal scaffold for pulp regeneration. The translation of this gel to clinics, however, still requires modifications, such as opacity for radiographic monitoring of placement, gelation time, and other factors that might affect a convenient and safe application.
Conclusion
A proper cell source in the calvarial area, a supportive tooth preparation method, and a suitable scaffold in the pulp space appear to be a promising and relevant strategy to study cell homing during pulp regeneration. Using the current approach, more studies can now be done to further regenerative endodontics and finally translate it into clinics. search grant from Swiss Dental Association, Switzerland (SSO, project number 270-13). The histological support was from center for microscopy and image analysis (ZMB), University of Zurich.
